C and it detects temperatures through a conformational change of its secondary structure. Mutation of specific Pro or Thr residues increased the stability of the PhoQ sensor drastically, altering its temperature sensing ability. The PhoQ sensor detects Mg 2+ concentration through the direct binding of Mg 2+ to a cluster of acidic residues (DDDSAD) and through changes that likely affect its tertiary structure. Here, we describe for the first time the use of PhoP-PhoQ as a temperature sensor for bacterial virulence control.
Edwardsiella tarda is a gram-negative bacterial pathogen that is associated with septicemia and fatal infections in a wide variety of animals including fish and humans (1) (2) . Using a functional genomics approach (3) (4) , a type III and a type VI secretion system (T3SS and T6SS) were identified as the two most important virulence mechanisms in E. tarda PPD130/91 (5-6). The expression and secretion of both T3SS proteins, such as EseB and EseD, and T6SS proteins, such as EvpA and EvpC, were suppressed at a growth temperature of 37 o C. Further, the virulence of E. tarda PPD130/91 grown at this temperature was drastically reduced compared with that grown at 25 o C (4). A subsequent study suggested that temperature affected the expression of T3SS and T6SS through the regulation of the expression of the two-component system, ersA-esrB, and esrC (7) . The identity of the regulator involved in sensing temperature changes and its mechanism of action, however, were not determined.
The two-component system PhoP-PhoQ, in which PhoQ is the sensor histidine kinase and PhoP is the response regulator, senses environmental stimuli and regulates those responses that are essential for the survival and virulence of the bacteria and is one of the most studied bacterial signaling systems. In Salmonella, the intracellular level of Mg 2+ is tightly regulated by the PhoP-PhoQ system for Mg 2+ homeostasis and avoidance of metal toxicity (8) . In addition, the PhoP-PhoQ system of Salmonella typhimurium is essential for virulence by allowing the pathogen to sense divalent cations, mildly acidic pH and antimicrobial peptides, all of which provide cues that the bacterium is inside the phagosome of a macrophage. In response to these conditions, the PhoP-PhoQ system regulates the expression of hundreds of genes encoding virulence proteins with various properties, including intracellular survival, invasion, lipid A structure, resistance to antimicrobial peptides and phagosome alteration (9) . The highly acidic surface of the PhoQ sensor domain has been proposed to bind both divalent cations and antimicrobial peptides. Depletion of Mg 2+ or binding to antimicrobial peptides displaces the divalent cations located between PhoQ metal binding sites and the membrane phospholipid to initiate signal transduction (10) .
As of yet, there has been no report on the detection of temperature, an important environmental factor for bacterial survival and virulence, by the PhoPPhoQ system.
Environmental temperature detection is essential for the survival and virulence of many pathogenic bacteria, especially with respect to the recognition of a suitable host, and, many pathogens have the ability to sense temperature changes. As an example, the secretion of EspA and EspB by human enteropathogenic E. coli (EPEC) is maximal at 36 o C, decreased at 39 o C and abolished at 42 o C. In contrast, the secretion of these proteins by rabbit EPEC (RDEC-1) is maximal at 39 o C and still occurs at 42 o C (11). Two-component systems for the detection of environmental temperatures have been reported previously, such as the DesK-DesR system of Bacillus subtilis that regulates membrane fluidity according to temperature (12) . The membrane domain of DesK is the temperature-sensing element (13) but its mechanism of action is unknown.
Here, we report the characterization of PhoPPhoQ, a two-component system in E. tarda that is involved in sensing environmental temperatures and Mg 2+ concentrations for the regulation of virulence through EsrB. The periplasmic sensor domain of PhoQ is responsible for sensing temperatures by a conformational change that is highly sensitive to temperature. Using thermal and urea denaturations, combined with sitedirected mutagenesis, we identified residues in the PhoQ sensor domain that are essential for temperature sensing and Mg 2+ binding. Our findings provide an understanding of the novel mechanism of temperature and Mg 2+ detection by a protein sensor and also shed light on the regulation of virulence in pathogenic bacteria by sensing temperature and Mg 2+ concentration in the surrounding environment.
EXPERIMENTAL PROCEDURES
Cloning of the PhoP-PhoQ two-component system in E. tarda PPD130/91-Bacterial genomic DNA was extracted using the Wizard genomic DNA purification kit (Promega, Madison, WI). PCR amplification (2 min at 94°C; 30 cycles each of 10 s at 94°C, 30 s at 56°C and 1 min at 72°C; and a final extension of 5 min at 72°C) was carried out using the Advantage 2 polymerase mix (Clontech, Mountain View, CA) with two pairs of degenerate primers, phoPdeg and phoQdeg (Supplemental material). The PCR products were cloned with the pGEM-T Easy vector system (Promega) and transformed into E. coli DH5α cells. The cloned fragments were sequenced using the PRISM TM 3100 automated DNA sequencer with the ABI Prism Big Dye termination cycle sequence kit (Applied Biosystems, Foster City, CA). This approach identified a 400-bp fragment of the phoP gene, which was later used to design primers for genome walking. To obtain the full length sequences of phoP and phoQ, genome walking libraries of E. tarda PPD130/91 were created and digested with SmaI, ScaI, EcoRV, StuI and PvuII according to the procedure described in the Universal Genome Walker kit manual (Clontech). PCR amplification (7 cycles each of 25 s at 94°C and 3 min at 72°C; 32 cycles each of 25 s at 94°C and 3 min at 65°C; and a final extension of 5 min at 65°C) was carried out using primers specific for sequences of phoP and phoQ, with the adaptor primer 1 (Clontech). The complete sequences of phoP and phoQ, including flanking sequences comprising the 1,260 bps upstream of phoP and 1,296 bps downstream of phoQ, were obtained by this method.
LacZ reporter gene system-For the construction of the ersB LacZ reporter gene system, the primer pair, pRWesrb (Supplemental material), derived from E. tarda PPD130/91 genomic DNA, was used to amplify the putative promoter region of esrB containing a PhoP box. The PCR product was digested with restriction enzymes and then ligated with the pRW50 plasmid (14) . The ligation mixture was introduced into either the wild type or mutant E. tarda by electroporation. The transformants were screened for resistance to both colistin (12.5 µg/ml) and tetracycline (10 µg/ml). Similar procedures were followed to generate the phoP LacZ reporter gene system using the primer pair pRWphoP (Supplemental material). For the β-galactosidase assays, E. tarda cells were grown in N-minimal medium (15) overnight at 20°C, 23°C, 25°C,  30°C, 35°C or 37°C with 1 mM or 10 mM Mg 2+ . The overnight culture (5%) was inoculated into fresh medium and grown at the specified temperatures until the cell density reached 0.5, as measured by optical density at 600 nm (OD 600 ). Cells were permeabilized (16) by the addition of 25 µl of 0.1% SDS and 25 µl of chloroform to a solution containing the cell pellet from a 1-ml culture resuspended with 600 µl of Z-buffer (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO4, 10 mM KCl and 1 mM MgSO 4 , pH 7.0). To start the reaction, 100 µl of ONPG (4 mg/ml) was added. When the suspension started to turn yellow, the reaction was terminated by adding 250 µl of 1 M Na 2 CO 3 . The mixture was centrifuged for 5 min at 13,000 × g, and the supernatant was transferred to a cuvette to measure the absorbance at 420 nm. The cell density was assessed by the OD 600 , and the unit of activity was calculated as follows: (absorbance at 420 nm)/(reaction time in min × OD 600 ).
Electrophoretic mobility shift assay (EMSA)-The full length PhoP protein at various concentrations (0, 0.5, 1, 1.5 or 2 µM) was mixed with purified esrB or phoP promoter DNA fragments (2 µg) labeled 5'with 6-carboxyfluorescein (6-FAM) tag (1st BASE, Singapore) in a reaction mixture (50 µl) containing 50 mM Tris-HCl, pH 7.5, 200 mM KCl, 0.1 mM EDTA and 5% v/v glycerol. The mixture was incubated at 25 o C for 2 h before loading (15 µl) onto each lane of a 5% native polyacrylamide gel for electrophoresis (0.5X Tris borate-EDTA buffer, 1 mA/cm for 4 h).
Western blot analysis-For SDS-PAGE (12% separation gel) used for western blot analyses, 5 ml of bacterial culture at OD 600 = 1.0 was used for isolation of ECPs for each lane. Proteins were transferred to a PVDF membrane with a semi-dry system and examined by using the SuperSignal WestPico Chemiluminescent substrate (Pierce, Rockford, IL) under the conditions recommended by the manufacturer. EseB and EseC were detected by the addition of diluted anti-EseB (1:10000) and anti-EseC (1: 10000) polyclonal antisera, respectively, followed by a 1:5000 dilution of mouse anti-rabbit IgG HRP (Santa Cruz Biotechnology, Santa Cruz, CA).
Cloning, expression and purification of the PhoQ sensor domain-The PhoQ periplasmic sensor domain (from residue Phe47 to Glu186) was amplified by using the primer pair, phoQ s (Supplemental material), derived from E. tarda PPD130/91 genomic DNA. The PCR product was sub-cloned into pET-M, a modified pET-32a vector (Novagen, Darmstadt, Germany) (pETMphoQ s ), and then transformed into E. coli BL21(DE3) cells for expression. To generate pETM-phoQ f , the full-length phoQ gene was amplified using the primer pair, phoQ f (Supplemental material) and sub-cloned into pET-M. An overnight culture of pETM-phoQ s in BL21(DE3) cells was inoculated into LB with 100 µg/ml of ampicillin, and the cells were grown until the cell density reached 0.8 at OD 600 . Protein expression was induced with 0.5 mM of IPTG, and the cells were grown at 30 o C overnight. Cells were harvested by centrifugation and resuspended in 50 mM sodium phosphate, pH 8.0 and 300 mM NaCl. The cell suspension was sonicated and then centrifuged to obtain the inclusion bodies as a pellet. The inclusion bodies were resuspended in 20 mM sodium phosphate, pH 8.0, 100 mM NaCl and 8 M urea and lysed by sonication. The lysate was centrifuged and the supernatant was purified using a Ni-NTA affinity column in buffer containing 8M urea. Refolding was performed by rapidly diluting the eluate into an ice-cold solution of 20 mM sodium phosphate, pH 8.0 containing 0.1 or 10 mM Mg 2+ , with stirring. The refolded sample was dialyzed overnight against a buffer containing 20 mM sodium phosphate, pH 6.5 and 100 mM NaCl and in the presence or absence of 10 mM Mg 2+ . The sample was further purified by a Superdex-75 gel filtration column (GE Healthcare, Piscataway, NJ) equilibrated with the dialysis buffer. Fractions containing PhoQ sensor were pooled and concentrated.
A similar procedure was followed for the purification of the various PhoQ mutants.
CD monitoring of the thermal and urea denaturation of PhoQ sensor-Circular dichroism (CD) measurements were performed using a J-810 spectropolarimeter (Jasco, Easton, MD) with a 1-mm pathlength cuvette (Hellma, Müllheim, Germany (17) . For the construction of phoP i , an internal fragment of phoP was amplified from E. tarda genomic DNA with the primer pair, phoP mut (Supplemental material), which contains a Kpn I restriction enzyme site. The PCR product was digested by restriction enzymes and ligated into the pRE112 plasmid, and the resulting plasmid was transformed into E. coli MC1061 λpir. After sequencing, the recombinant plasmid was then transformed into E. coli SM10 λpir. These transformants were used to conjugate with wild type E. tarda to obtain defined mutants by selecting colonies resistant to both chloramphenicol (30 µg/ml) and colistin (12.5 µg/ml).
The insertion of the plasmid into chromosomal DNA was confirmed by sequence analysis. The primer pair phoQ mut (Supplemental material), was used for the construction of phoQ i . Complementation of the phoP i and phoQ i mutants was performed with a pACYC184-based system. To obtain phoP i + phoP, the complete phoP gene was prepared by PCR using the primer pair, phoP full (Supplemental material), from E. tarda PPD130/91 genomic DNA. The PCR product was digested with restriction enzymes and ligated into the digested pACYC184 plasmid. The obtained ligation mixture was transformed into E. coli DH5α, and then the plasmid DNA was extracted and transformed into competent cells of E. tarda phoP i by electroporation. The same procedure was followed to obtain phoQ i + phoQ mutant using the primer pair phoQ full and the phoQ i + phoQ EPEC mutant using the primer pair phoQ EPEC_full (Supplemental material). 
Preparation of ECPs-Overnight cultures of

RESULTS
Identification of the PhoP-PhoQ twocomponent system-Using genome walking with degenerate primers derived from the conserved nucleotide sequences of related bacterial species, the phoP and phoQ genes of E. tarda PPD130/91 (GenBank accession code: GU324976) were identified and sequenced.
Using RT-PCR experiments on RNA isolated from E. tarda PPD130/91, the phoP and phoQ genes are found to be transcribed as an operon (Fig. S1 ). Sequence alignment of the periplasmic PhoQ sensor domain of E. tarda showed a 61.9% identity to Yersinia pestis KIM (18), followed by a 51.8% identity to both Salmonella typhimurium LT2 (19) and Escherichia coli CFT073 (20) (Fig. 1) .
In contrast, the sequence identity between the PhoQ sensor domains of E. coli and S. typhimurium is 82.0%. The relatively low sequence identity between the PhoQ sensor domain of E. tarda and those of E. coli and S. typhimurium suggests that this domain may sense different extracellular stimuli for each of these bacteria.
The crystal structures of the PhoQ sensor domains of S. typhimurium (PDB ID: 1YAX) (21) and E. coli (PDB ID: 3BQ8) (22) adopt a fold characteristic of the PAS (Per-Arnt-Sim) domain superfamily (23) .
The predicted secondary structure of the PhoQ sensor domain of E. tarda using PsiPred (24-25) is similar to those seen in the 3D structures from E. coli and S. typhimurium, suggesting that it may also assume a PAS fold (Fig.  1) .
PhoP-PhoQ regulates T3SS and T6SS through EsrB-To investigate a possible contribution of the PhoP-PhoQ system to the virulence of E. tarda, two E. tarda mutants having insertions at phoP (phoP i ) and phoQ (phoQ i ), respectively, were constructed. The growth and protein secretion profiles of the wild type PPD130/91, phoP i , and phoQ i were measured at the optimal growth temperature of 35 o C. SDS-PAGE analysis showed that both the phoP i and phoQ i mutants were deficient in the production of extracellular proteins (ECPs), including EseB, EseC and EseD from T3SS as well as EvpC and EvpP from T6SS ( Fig.  2A) . At 35°C, the ECPs secreted by the wild type strain reached a concentration of 2.50 ± 0.09 μg/ml (n=3) after 24 h. Significantly lower levels of ECPs were observed in the phoP i (0.35 ± 0.04 µg/ml, n=3) and phoQ i (0.40 ± 0.06 µg/ml, n=3) mutants. Cell densities of the mutants were comparable to that of the wild type bacteria, suggesting that the reduced protein secretion in the mutants was not due to growth deficiencies (data not shown). Complementation of phoP i and phoQ i in trans with a plasmid-borne wild type copy of phoP and phoQ, respectively, restored the secretion of ECPs to levels comparable to that of the wild type bacteria (Fig. 2A) . These results indicated that the PhoP-PhoQ system is involved in regulation of the T3SS and T6SS in E. tarda PPD130/91.
Based on the previous observation that an esrB mutant of E. tarda showed an ECP profile similar to that of either the phoP i or phoQ i mutant (7), we speculated that PhoP regulates the secretion of T3SS and T6SS proteins by modulating the expression of EsrB. To confirm this hypothesis, the interaction of PhoP with the promoter region of esrB was examined.
A sequence motif comprising a repeat of two hexanucleotide sequences (T/G) GTTTA separated by five bases has been defined as the high affinity PhoP binding region in E. coli and was named the "PhoP box" (26) (27) .
Inspection of the DNA sequence upstream of esrB revealed a putative PhoP box of the sequence 5'-ACTCCA AAGGG CATTTA-3' between nt -311 and -295 upstream of the start codon of esrB (Fig. 2B ). This sequence is considered to be an imperfect but orthodox match to the consensus PhoP box sequence. Using DNase I footprinting, a similar imperfect but orthodox PhoP box of the sequence 5'-TATTGA GGAGG CATTGA-3' has been identified between nt -42 and -26 relative to the PhoPinduced transcriptional start site of the orgBC promoter in S. typhimurium (28) . Electrophoretic mobility shift assay showed that the His-tagged PhoP can bind to a 470-bp DNA fragment (from nt -467 to +3) derived from the promoter region of esrB containing a putative PhoP box (Fig. 2C) . However, there was no interaction observed between PhoP and a DNA fragment derived from the same promoter region of esrB in the absence of the PhoP box region (Fig. 2C) . Inspection of the promoter region of the phoP-phoQ genes also revealed a putative PhoP box, with the sequence 5'-AGTTTA CCTAC CGTTGA-3', located upstream between nt -192 and -176. Electrophoretic mobility shift assay showed that PhoP can also bind to a 454-bp DNA fragment (from nt -451 to +3) derived from the promoter region of phoP and at an affinity even higher than that between PhoP and the promoter region of esrB (Fig. 2D) .
To confirm that the expression of the esrB gene was controlled by PhoP, an esrB-LacZ reporter gene fusion (pRWesrB 130/91 ) under the control of the putative esrB promoter (from nt -900 to +150) was created, and the activity of the β-galactosidase reporter genes (LacZ) for the esrB promoter region was measured in both the wild type strain and the phoP i mutant. The esrB-LacZ activity for the phoP i mutant was significantly reduced compared with that for the wild type (Fig.  2E) . When the pACYC184 plasmid carrying the wild type phoP gene was introduced into the phoP i strain for complementation, the β-galactosidase activity recovered to a level similar to that of the wild type (Fig. 2E) Fluorescence spectra were used to determine if there were any tertiary structure changes following the urea denaturation of PhoQ s at different temperatures in the absence or presence of 10 mM Mg 2+ (Fig. 4D) . Surprisingly, there were no significant changes in the stability of the (30) . During urea denaturation, the secondary structure of PhoQ s starts to melt before the tertiary structure ( Fig. 4C and 4D ), suggesting that, in PhoQ s , conformational changes due to temperature transitions mainly involve secondary structures and that the secondary structures appear to change more readily than the tertiary structure.
Thr and Pro residues are responsible for temperature sensing by PhoQ-To understand the mechanism underlying the temperature-dependent conformational changes of PhoQ s secondary structures, sequence of PhoQ s from E. tarda was compared with those from other bacteria. The results showed that some residues at the turn regions of PhoQ s of S. typhimurium and E. coli were replaced with either Pro or Thr residues in PhoQ s of E. tarda (Fig. 1) . Based on this observation, these Pro and Thr residues were selected for site-specific mutation studies. Six single point mutants of E. tarda PhoQ s , (T76E, P77L, P79E, P120N, P140H and T167P) were generated, by converting selected Pro or Thr residues to the corresponding residues in S. typhimurium and E. coli.
Thermal denaturation studies monitored by Far-UV CD showed that PhoQ s mutants P120N and T167P had T m of 55.5 o C and 59.0 o C, respectively, which were both significantly higher than that of the wild type PhoQ s (T m = 37. Based on our hypothesis that the temperature transition responses were responsible for temperature sensing by PhoQs, the mutants P120N and T167P were predicted to lose their ability to sense temperature and affect ECP secretion through T3SS and T6SS. On the other hand, mutants T76E and P140H were predicted to exhibit little effect, whereas P77L and P79E were predicted to exhibit an intermediate effect on the temperature-regulated secretion by E. tarda T3SS and T6SS. To verify these predictions, the E. tarda strain carrying the phoQ i insertion mutation was complemented with a full length phoQ gene carrying a single site mutation at various Pro and Thr residues.
Complementation with the thermally stable mutants P79E, P120N and T167P could not recover the effect of phoQ i (Fig. 5C ), indicating that they are "loss-of-function" mutations in which the PhoQ mutant cannot activate PhoP and promote the secretion of ECPs from E. tarda T3SS and T6SS at any of the temperatures tested. In contrast, complementation with PhoQ mutants that have thermal stabilities similar to that of the wild type protein (e.g., T76E and P140H) could completely recover the effect of phoQ i . Interestingly, complementation with the mutant P77L rendered the E. tarda phoQ i strain "temperature-blind" and resulted in the constitutive secretion of ECPs at 20 o C. The PhoQ P77L mutant was, however, still functional in its ability to suppress ECP secretion at 37 o C. The PhoQ P77L mutant had a T m value (45.3 o C) close to that of the "loss-of-function" P79E mutant but with a much lower ∆H m value (6.5 x 10 4 kcal/mol), suggesting that these two mutants could respond differently to changes in temperature. For E. tarda phoQ i mutants complemented with phoQ T167P or phoQ P77L, further esrB-LacZ assays were performed at different environmental temperatures and Mg 2+ concentrations ( Fig. 5D and 5E ). Similar trends were observed for the esrB-LacZ and the ECPs assay and both PhoQ T167P and P77L mutants were still able to sense Mg 2+ concentration although their temperature sensing properties were changed.
To confirm that it was the difference in the PhoQ sensor domain that caused this temperature sensing activity, the amount of ECPs from E. tarda phoQ i mutant complemented with the phoQ gene from EPEC 2348/69 was determined (Fig.  S3A) . As a human pathogen, EPEC 2348/69 secreted translocators, such as EspA, EspB and EspD, from the T3SS at 37 o C but not at 30 o C ((32) and Fig. S3B) . The E. tarda phoQ i mutant, when complemented with phoQ from EPEC 2348/69, secreted similar levels of ECPs at 37 o C (2.7 ± 0.07 µg/ml) as compared to the wild type E. tarda at 30 o C. At 30 o C, a much reduced amount of ECPs was secreted (1.4 ± 0.06 µg/ml) by this mutant (Fig. S3C) . The PhoQ sensor domain binds Mg 2+ through a patch of acidic residues-As our results showed that Mg 2+ and temperature had additive effects on the regulation of E. tarda T3SS and T6SS, we attempted to characterize the binding of Mg 2+ to PhoQ s . The binding of Mg 2+ to PhoQ s had no effect on the Far-UV CD spectra of the protein (Fig. S2) , similar to the observation seen for the PhoQ sensor domain of E. coli (30) . Therefore, the intrinsic fluorescence (excitation at 280 nm and emission at 350 nm) of the E. tarda PhoQ s was used instead to study the direct binding of Mg 2+ to the protein (Fig. 6A) (Fig. 6A) . A previous study showed that divalent cations may bind to a cluster of acidic residues (EDDDDAE) and stabilize PhoQ in an inactive conformation to prevent PhoP-mediated transcription in response to divalent-cation starvation in vivo (30) . A similar cluster of acidic residues with a slightly different sequence (DDDSADA) is also observed in the E. tarda PhoQ s (Fig. 1) . Replacement of these acidic residues with conservative uncharged residues (NNNSANA) completely abolished Mg 2+ binding by the E. tarda PhoQ s (Fig. 6A) , indicating that this acidic cluster is the putative Mg 2+ binding site. The acidic cluster mutant has a slightly higher stability than the wild type PhoQ s , as monitored by CD at 218 nm (T m = 47.4 o C), which is in agreement with a similar observation for the E. coli PhoQ sensor domain. Unlike the wild type E. tarda PhoQ s , the addition of 10 mM Mg 2+ did not provide additional stabilization to the acidic cluster mutant (Fig. S4) .
To confirm that the acidic cluster residues of PhoQ are responsible for in vivo Mg 2+ sensing in E. tarda, the phoQ i mutant was complemented with the phoQ gene carrying NNNSANA mutations, and the amounts of EseB (T3SS) and EvpC (T6SS) that were secreted, as well as expression level of esrB-LacZ, in the absence or presence of 10 mM Mg 2+ were determined. In the presence of 10 mM Mg 2+ , the phoQ i mutant complemented with the wild type phoQ showed a reduction in the secretion levels of both EseB and EvpC. In contrast, the phoQ i mutant complemented with phoQ carrying NNNSANA mutations showed similar secretion levels of both EseB and EvpC (Fig. 6B ) and expression levels of esrB-LacZ (Fig.  6C) in the absence or presence of 10 mM Mg 2+ , suggesting that this cluster of acidic residues in PhoQ is essential for Mg 2+ binding and concentration sensing for E. tarda.
In addition to sensing Mg 2+ concentration, the PhoQ sensor of S. typhimurium is also activated by acidic pH (33) and antimicrobial peptides (10) . To confirm if E. tarda can also sense acidic pH and antimicrobial peptides, the amounts of ECPs, as well as expression level of ersB-LacZ, in acidic culture medium (pH 5.5) and in the presence of an antimicrobial peptide (KR-20 or C-terminal 20 residues of cathelicidin LL-37) (34) were determined. In acidic pH or the presence of antimicrobial peptide, E. tarda showed an increase in the secretion of ECPs from both T3SS and T6SS (Fig. 6D) , as well as an increase in the expression level of esrB-LacZ (Fig. 6E) . The effect of antimicrobial peptide is more prominent than that of acidic pH and both effects are additive, suggesting that E. tarda can sense both acidic pH and antimicrobial peptides in addition to temperature and Mg 2+ concentration. As residues from the acidic cluster of Salmonella PhoQ were previously shown to be involved in recognizing antimicrobial peptide (10), the effects of antimicrobial peptide and acidic pH on the secretion of ECPs, as well as expression level of esrB-LacZ, were determined using E. tarda phoQ i mutant complemented with phoQ NNNSANA. Mutation of the acidic cluster residues activated secretion of ECPs and expression of esrB-LacZ, but addition of antimicrobial peptide had no further effect (Fig. 6D and 6E ). In contrast, the secretion of ECPs and expression of esrB-LacZ in this E. tarda mutant are further activated by acidic pH (Fig. 6D and 6E) , suggesting that the cluster of acidic residues in PhoQ is responsible for sensing antimicrobial peptide but not acidic pH.
DISCUSSION
The EsrB regulator is encoded within the T3SS gene cluster and belongs to the response regulator of another two-component system called EsrA-EsrB. A functional EsrA-EsrB system is required to regulate the expression of EsrC, an AraC family transcriptional regulator that controls the expression of proteins encoded by T3SS and T6SS in E. tarda (7) . Our EMSA results showed that PhoP binds to the promoter regions of both esrB and phoP, suggesting that it may be involved in regulating the expression levels of both itself and EsrB. Transcriptional autoregulation was also observed in the phoPQ operon of S. typhimurium (35) . The data herein demonstrated that the PhoPPhoQ system senses temperature and Mg 2+ concentration. In turn, the response regulator PhoP communicates the status of these environmental conditions to the EsrA-EsrB twocomponent system. This kind of "dual regulation" has also been observed in S. typhimurium, in which the SsrA-SsrB two-component system is regulated together with the two-component system OmpR-EnvZ, which responds to osmolarity, through the direct binding of OmpR to the promoter region of ssrA (36-37). Transcriptional regulation by a cascade of two-component systems allows pathogenic bacteria to express their virulence determinants in response to a broad spectrum of environmental cues. The PhoQ sensor in E. tarda can sense both temperature and Mg 2+ concentration in an additive manner. We propose that it may integrate these signals with the signal detected by the EsrA-EsrB system to regulate the expression of proteins from T3SS and T6SS.
There was a significant decrease in the secondary structure (raw ellipticity from the CD spectra) of PhoQ s as the temperature increased (Fig. 4A) , suggesting that temperature shiftinduced conformational change occurs mainly on the level of the secondary structure rather than of the tertiary structure. PhoQ s likely has less secondary structure at 37 o C than at 30 o C but it still maintains its tertiary structure throughout this range of temperatures. The data also indicated that the conformations of PhoQ s at 20 o C and 37 o C could be different, even though both would have the ability to maintain PhoQ s in its inactive state. Sequence comparison with homologues from S. typhimurium and E. coli revealed that residues at positions 76, 77, 79, 120, 140 and 167 of PhoQ s are replaced with either Pro or Thr in E. tarda. The branched side chain of a Thr residue has been shown to generate instability at turn regions. Mutation of a Thr residue (Thr22) in the diverging β-turn of the drkN SH3 domain to a Gly residue results in a dramatic stabilization of the protein, with its T m increased by 20 o C (38) . In contrast, a Pro residue is more rigid than other naturally occurring amino acids and could stabilize or destabilize a protein depending on its location (39) . The use of a phoQ i mutant complemented with the wild type or mutant phoQ genes allowed those residues that are essential for thermal stability and temperature sensing to be delineated. Mutation of P79, P120 or T167 to their corresponding residues in the E. coli or S. typhimurium PhoQ sequence significantly stabilized the PhoQ s in E. tarda. The T167P mutant (T m = 59.0 o C) of E. tarda PhoQ s was thermally stable and its stability towards urea did not change at temperatures between 20 o C and 37 o C.
These "loss-of-function" mutations improved the thermal stability of PhoQ s but rendered it unable to make the conformational changes necessary for the activation of PhoP. Consequently, no ECPs were detected at any of the tested temperatures, which was similar to results seen in the phoQ i mutant without any complementation. In contrast, the P77L mutant became "temperature-blind" at 20 o C. This mutation prevented the secondary structure conformational change necessary to inhibit PhoQ activity at 20 o C but not at 37 o C. So far, no mutation that rendered the PhoQ sensor "temperature-blind" at 37 o C or at both 20 o C and 37 o C has been identified. The observation that the P77L mutation only had an effect on temperature sensing at 20 o C, but not at 37 o C, also supported the notion that the conformations of the PhoQ sensor are different at these two temperatures.
In this study, high Mg 2+ concentration (10 mM) reduced the transcription of phoP, phoQ and esrB and thus reduced protein secretion from T3SS and T6SS in E. tarda. (41) . Interestingly, the P. aeruginosa PhoQ lacks this acidic patch of residues, and, unlike the E. coli protein, the P. aeruginosa PhoQ sensor domain undergoes changes in its CD and fluorescence spectra in response to divalent cations (42) . These data suggested that the PhoQ sensors of E. tarda, S. typhimurium and P. aeruginosa may have very different mechanisms of signal detection. The high affinity binding of Mg 2+ also increased the stability of the PhoQ sensor slightly, as monitored by both CD and fluorescence spectra. This increased stability is likely due to the neutralization of electrostatic repulsion among residues within the acidic patch. Unlike the situation with the T167P mutation, this slight increase in stability due to Mg 2+ binding is not sufficient to disrupt temperature detection by PhoQ.
E. tarda infects many different fish species, such as blue gourami fish and channel catfish. The body temperature of catfish fluctuates with and approximates the surrounding water temperature. Their active metabolic rate increases as a hyperbolic function of temperature, reaching a peak at around 28 . This growth temperature profile of fish is in agreement with our findings on the temperature dependence of protein secretion from the E. tarda T3SS and T6SS, suggesting that the PhoP-PhoQ system of E. tarda is only activated at the optimum growth temperature of the host to ensure the highest level of virulence and the survival of the bacteria. These findings also agree with the observation that outbreaks of acute E. tarda infection are mostly found in channel catfish culture systems when the temperature rises due to overcrowding (44) . On the other hand, Mg 2+ concentration detection by the PhoP-PhoQ system seems to provide E. tarda with cues that it located inside the host body. At a physiological level of around 1-2 mM, the Mg 2+ concentration inside the host body is generally lower than that of the external environment (10) . Direct measurement of Mg 2+ within the Salmonella-containing vacuole using nanosensor particles showed that, during the initial period of phoP activation, the concentration of the divalent cation was rapidly regulated and stabilized at approximately 1 mM (45) . In addition to temperature and Mg 2+ concentration, E. tarda can also sense both acidic pH and the presence of antimicrobial peptides, which are characteristics of environment inside the phagosome of macrophage.
In conclusion, we cloned the PhoP-PhoQ twocomponent system of E. tarda and confirmed that the PhoQ sensor domain senses changes in temperature through conformational changes in its thermally unstable secondary structures. The PhoQ sensor can also simultaneously detect changes in Mg 2+ concentrations through the direct binding of Mg 2+ to a cluster of acidic residues, which likely results in a change in the tertiary structure of the protein. Both the temperature and Mg 2+ signals are integrated with the signal detected by another two-component system, EsrAEsrB, through the direct activation of the transcription of the EsrB response regulator by PhoP.
The data herein provides a basic understanding of the mechanism underlying the temperature and Mg 2+ sensing abilities in bacteria and could aid future structural studies of the system as well as control of the pathogen. FIGURE LEGENDS FIGURE 1. Sequence alignment of the PhoQ sensor domains. The sequence of the PhoQ periplasmic sensor region from E. tarda (PhoQ_ET; GU324976) was compared with those from Y. pestis (PhoQ_YP; NP_669110), S. typhimurium (PhoQ_ST; NP_460200) and E. coli (PhoQ_EC; NP_753417). The secondary structural elements from the crystal structure of the E. coli PhoQ sensor are shown underneath the sequences, while the predicted secondary structural elements of the E. tarda PhoQ sensor are shown on top of the sequences. Asterisks below the sequences indicate identical residues. Negatively charged residues in the acidic patches are bold-faced. Pro and Thr residues in the E. tarda PhoQ sensor that are not conserved with those in E. coli and S. typhimurium and were selected for mutation studies are boxed. 2+ concentrations leads to auto-phosphorylation and the transfer of a phosphate group from PhoQ to PhoP. The phosphorylated PhoP binds directly to the PhoP box within the promoter region of esrB to activate its transcription. PhoP also self-regulates by binding to another PhoP box within its own promoter region to up-regulate the expression of both PhoP and PhoQ. The EsrB protein then integrates the signal from another two-component system, EsrA-EsrB, to activate the transcription of genes from both T3SS and T6SS.
